The role of RNA silencing as an antiviral defense mechanism in fungi was examined by testing the effect of dicer gene disruptions on mycovirus infection of the chestnut blight fungus Cryphonectria parasitica. C. parasitica dicer-like genes dcl-1 and dcl-2 were cloned and shown to share a high level of predicted amino acid sequence identity with the corresponding dicer-like genes from Neurospora crassa [Ncdcl-1 (50.5%); Ncdcl-2 (38.0%)] and Magnaporthe oryzae [MDL-1 (45.6%); MDL-2 (38.0%)], respectively. Disruption of dcl-1 and dcl-2 resulted in no observable phenotypic changes relative to wild-type C. parasitica. Infection of ⌬dcl-1 strains with hypovirus CHV1-EP713 or reovirus MyRV1-Cp9B21 resulted in phenotypic changes that were indistinguishable from that exhibited by wildtype strain C. parasitica EP155 infected with these same viruses. In stark contrast, the ⌬dcl-2 and ⌬dcl-1/⌬dcl-2 mutant strains were highly susceptible to mycovirus infection, with CHV1-EP713-infected mutant strains becoming severely debilitated. Increased viral RNA levels were observed in the ⌬dcl-2 mutant strains for a hypovirus CHV1-EP713 mutant lacking the suppressor of RNA silencing p29 and for wild-type reovirus MyRV1-Cp9B21. Complementation of the ⌬dcl-2 strain with the wild-type dcl-2 gene resulted in reversion to the wild-type response to virus infection. These results provide direct evidence that a fungal dicer-like gene functions to regulate virus infection.
R
NA-mediated, sequence-specific suppression of gene expression, termed RNA silencing, has been described as posttranscriptional gene silencing in plants (1, 2) , RNA interference (RNAi) in animals (3) , and quelling in fungi (4) . A common feature of RNA silencing in these different organisms is the processing of structured or dsRNA into small interfering RNAs (siRNAs) of 21-24 nt by RNase III-like endonucleases termed Dicers. These siRNAs then are incorporated into an RNAinduced silencing complex that guides sequence-specific degradation or translational repression of homologous RNA in the cytoplasm or DNA or histone methylation of target sequences in the nucleus (reviewed in refs. 5 and 6) .
In plants and animals, the RNA silencing pathway also produces microRNAs (miRNAs) from genome-encoded RNA hairpins that are involved in developmental regulation (reviewed in refs. 7 and 8). miRNAs have not been identified in fungal genomes (9, 10) . Thus, RNA silencing in fungi generally is thought to serve primarily as a defense mechanism against invasive nucleic acids and viruses (10) . RNA silencing plays a key antiviral defense role in plants (reviewed in refs. 11 and 12) and recently has been demonstrated to influence virus replication in animal cells (reviewed in ref. 13) . Although silencing of transposons has been reported in fungi (14) , there currently are no reports of RNA silencing functioning as a fungal antiviral defense mechanism.
Mechanisms underlying RNA silencing in fungi have been elucidated primarily through studies with the model fungus Neurospora crassa. Cellular components of RNA silencing in this fungus include the RNA-dependent RNA polymerases QDE-1 and Sad-1, the Argonaute-2 orthologs QDE-2 and Sms-2 that are involved in incorporating siRNA into the RNA-induced silencing complex, a RecQ helicase, QDE-3, and two Dicer orthologs, DCL-1 and DCL-2 (15) (16) (17) (18) (19) (20) . However, efforts to demonstrate a role for RNA silencing in antiviral defense in N. crassa have been limited by the absence of a well developed mycovirus experimental system.
The chestnut blight fungus Cryphonectria parasitica is phylogenetically related to N. crassa and genetically tractable because of the haploid nature of its genome and the availability of a robust DNA transformation protocol (21, 22) . Moreover, C. parasitica has been shown to support the replication of members of five RNA virus families: Hypoviridae, Reoviridae, Narnaviridae, Partitiviridae, and Chrysoviridae (23) . A reverse genetics system has been developed for members of the family Hypoviridae (reviewed in ref. 21) , and the hypovirus-encoded papain-like protease p29 recently was reported to suppress RNA silencing in both C. parasitica and a heterologous plant system (24) . We now report the use of the C. parasitica/mycovirus experimental system to investigate the role of RNA silencing as an antiviral defense pathway in fungi.
Results
Cloning of C. parasitica dicer-like Genes dcl-1 and dcl-2. RNA silencing is eliminated in N. crassa by disruption of both dicer genes Ncdcl-1 and Ncdcl-2 (16) and in Magnaporthe oryzae by disruption of one of two dicer genes, MDL-2 (25) . To examine whether RNA silencing plays a role in antiviral response in C. parasitica, we cloned and disrupted the endogenous dicer-like gene homologues to determine the effect of pathway disruption on mycovirus infection.
Degenerate PCR primers, based on conserved regions in fungal dicer-like proteins from N. crassa (16) , M. oryzae (25) , and Fusarium graminearum (FG09025.1 and FG04408.1), were used to amplify fragments from C. parasitica genomic DNA, resulting in the identification and characterization of two dicer-like genes. Sequence alignment analysis revealed high levels of deduced amino acid sequence identity of the two C. parasitica dicer-like genes with Ncdcl-1/MDL-1 (50.5%/45.6%) and Ncdcl-2/MDL-2 (38.0%/39.3%) of N. crassa and M. oryzae, respectively, resulting in designations of dcl-1 and dcl-2 for the two C. parasitica genes.
The dcl-1 ORF encodes a protein of 1,548 aa, and the size of the predicted protein encoded by dcl-2 is 1,541 aa. Both DCL-1 and DCL-2 proteins contain domains characteristic of the Dicer protein family (Fig. 1 ). These include a DEAD box helicase domain near the N terminus followed by a helicase C-terminal domain and a Domain of Unknown Function 283 (DUF), which is found in most Dicer proteins. Two RNase III domains are present in the C-terminal region of both the predicted DCL-1 and DCL-2 sequences. C. parasitica DCL-2 also contains a predicted dsRNA-binding domain at the C terminus that also is found in C-terminal regions of NcDCL-2, MDL-1, and MDL-2 but not in C. parasitica DCL-1 or NcDCL-1 (16, 25) .
Disruption of C. parasitica dicer-like Gene dcl-2 but Not dcl-1 Results
in Severe Symptoms After Mycovirus Infection. Strains containing null-mutations of dcl-1, dcl-2, or both genes (⌬dcl-1/⌬dcl-2) were constructed by homologous recombination. Southern blotting analysis confirmed that the endogenous gene copies were replaced by the disruption construct ( Fig. 2) , whereas real-time RT-PCR with dcl-1-and dcl-2-specific probes showed the absence of the corresponding gene transcripts in the respective mutant strains (data not shown). Phenotypic analysis of the single and double disruption mutant strains revealed no obvious phenotypic consequences of dicer-like gene disruption. As shown in Fig. 3 Top, the dicer disruption mutants exhibited a colony morphology indistinguishable from the wild-type strain EP155. The mutants were found to be male and female fertile and able to produce viable ascospores (data not shown). Additionally, no differences in virulence on dormant chestnut stems or in the production of asexual spores were found between the dicer mutant and wild-type strains (data not shown).
To test whether the C. parasitica dicer-like proteins are involved in an antiviral response, the dicer deletion strains were infected independently with hypovirus CHV1-EP713 and reovirus MyRV1-Cp9B21 either by transfection of spheroplasts with viral transcripts (CHV1-EP713) or anastomosis with a virusinfected strain (CHV1-EP713 and MyRV1-Cp9B21). As shown in Fig. 3 Middle, CHV1-EP713 infection of ⌬dcl-1 resulted in a phenotype indistinguishable from that of CHV1-EP713-infected wild-type strain EP155. In stark contrast, CHV1-EP713-infected ⌬dcl-2 and ⌬dcl-1/⌬dcl-2 were severely debilitated. Complementation of the ⌬dcl-2 strain with the wild-type dcl-2 gene, strain ⌬dcl-2C, resulted in reversion to the wild-type response to CHV1-EP713 infection (Fig. 3 Middle) . A similar set of results was obtained for reovirus MyRV1-Cp9B21-infected mutant strains (Fig. 3 Bottom) . MyRV1-Cp9B21-infected strains EP155 and ⌬dcl-1 were indistinguishable, whereas the ⌬dcl-2-and ⌬dcl-1/⌬dcl-2-infected strains exhibited a reduced growth and altered colony morphology but were not debilitated to the extent observed for the corresponding CHV1-EP713-infected mutant strains (Fig. 3 Middle and Bottom).
Unexpectedly, CHV1-EP713 dsRNA (agarose gel analysis) and total viral RNA [RT-PCR analysis (26)] levels were not found to increase significantly in accumulation in CHV1-EP713- . Double mutants (⌬dcl-1/⌬dcl-2) were constructed by disrupting dcl-1 in a ⌬dcl-2 background by using a PCR disruption fragment that contained the benomyl resistance cassette (construct 2). The gene-replacement plasmid construct for C. parasitica dcl-2 was made by using genomic clone dcl-2, which contains the complete dcl-2 ORF with 5Ј and 3Ј flanking regions of Ϸ5 and 2 kb, respectively. The 2,690-bp MfeI-NdeI fragment that contains 910 bp of upstream sequence and 1,780 bp of dcl-2 coding sequence was replaced with a cassette conferring hygromycin resistance (46) . The resulting dcl-2 gene disruption construct was digested with NotI to release the insert before transformation of wild-type strain EP155. At least two independent deletion mutants were generated and characterized for each dicer-like gene and the double dicer knockout. infected ⌬dcl-2 strains relative to the levels found in the infected control strain EP155 (data not shown). Because deletion of the region encoding the p29 suppressor of RNA silencing in the context of the CHV1-EP713 infectious cDNA clone, virus ⌬p29, previously was shown to result in a 70-80% reduction in viral RNA accumulation (26), we asked whether ⌬p29 RNA levels increased in ⌬dcl-2 mutant strains. Infection of the ⌬dcl-2 mutant strain with the ⌬p29 virus resulted in a similar level of debilitation as observed for the CHV1-EP713 parent virus (data not shown), but as shown in Fig. 4 , the level of ⌬p29 viral total and dsRNAs (Fig. 4A) increased to a level approaching that observed for wild-type CHV1-EP713 in wild-type strain EP155, i.e., an Ϸ4-fold increase. Also consistent with disruption of cellular RNA silencing and increased virus-mediated symptom expression, reovirus MyRV1-Cp9B21 RNA levels were observed to increase on the order of 3-to 4-fold in the ⌬dcl-2 mutant strains relative to that observed in the EP155 parent stain but not in the ⌬dcl-1 mutant strain (Fig. 4B ).
Discussion
Our previous report that hypovirus CHV1-EP713-encoded protein p29 can suppress RNA silencing (24) provided circumstantial evidence that RNA silencing serves as an antiviral defense mechanism in fungi. The demonstration here that the C. parasitica dcl-2, but not dcl-1, disruption mutants are highly debilitated upon hypovirus infection provides more direct evidence for this conclusion and identifies DCL-2 as a primary component of the antiviral pathway. These results extend the role of fungal dicer-like genes to include protection against virus infection. The enhanced symptoms and increased virus RNA accumulation observed in reovirus MyRV1-Cp9B21-infected ⌬dcl-2 mutant strains also indicates that the C. parasitica RNA silencing pathway serves as a general antiviral defense response and is not specific for hypovirus infections. The C. parasitica DCL-2 homologue in M. oryzae, MDL-2, was reported to be responsible for hairpin RNA silencing (25) , whereas both Ncdcl-1 and Ncdcl-2 of N. crassa have been reported to be redundantly involved in RNA silencing (16) . There was no evidence of redundancy for the C. parasitica dicer genes in antiviral defense. The phenotypic consequences of CHV1-EP713 infection were indistinguishable for wild-type strain EP155 and the ⌬dcl-1 deletion mutant, whereas the double dicer mutant showed the same level of severe symptoms as the ⌬dcl-2 single mutant (Fig. 3) .
None of the C. parasitica single or double dicer mutants exhibited any detectable phenotypic change from wild type in the absence of virus infection. This differs from the reports that the M. oryza MDL-1 mutant formed abnormal conidia and the MDL-2 mutant showed reduced colony growth (25) . Deletion of the dicer-like gene dcp-1 in Mucor circinelloides also was reported to result in reduced growth rate and altered hyphal morphology (27) . The phenotypic characteristics of the N. crassa dicer mutants were not described. However, N. crassa dcl-1 has been reported to participate in the N. crassa meiotic silencing pathway (MSUD for meiotic silencing by unpaired DNA) (28) .
Disruption of the antiviral RNA silencing pathway in plant or invertebrate systems generally results in an increase in virus titer (29, 30) . The observed increase in reovirus MyRV1-Cp9B21 RNA levels in the ⌬dcl-2 mutant strains (Fig. 4B) was consistent with these reports. Thus, it was surprising, given the severe debilitation observed for the ⌬dcl-2 mutant strain after CHV1-EP713 infection, not to see a significant increase in hypovirus RNA accumulation in ⌬dcl-2 cultures grown on potato dextrose Results of semiquantitative RT-PCR analysis of MyRV1-Cp9B21 RNA in the corresponding strains are shown in the chart below the agarose gel. In this case, the relative amount of total viral RNA was estimated by measuring the amount of segment S3-specific RNA relative to 18S rRNA (42). Values were normalized to the amount of S3-specific RNA in strain EP155 (set to a value of 1), with the standard deviation based on three independent measurements of two independent RNA preparations indicated by the error bars.
